ABSTRACT
INTRODUCTION
Deterioration of cardiac function is associated with the following independent changes: (1) altered ventricular shape, from elliptical to globular; (2) increased end-diastolic volume; and (3) decreased ventricular function 1, 2 . Chronic pressure overload has been associated with ventricular hypertrophy, while ventricular dilatation is a response to volume overload 3, 4 . Both responses are an attempt to maintain stroke volume when disease states are present which alter myocardial dynamics 1, 2 . These changes have been termed cardiac remodeling. One method for assessing the shape of the ventricle is to measure the sphericity index (SI), which is derived by computing the ratio between the end-diastolic mid-basal-apical length and the end-diastolic transverse width ( Figure 1a ). SI has been examined in adults, children, neonates and fetuses and found to be a useful tool with which to detect abnormal cardiac function resulting from remodeling of the ventricular chambers [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . It has been measured in the fetus using three methods, two of which measure the transverse width at either the base or the mid section of the ventricle (Figure 1a ), while the third measures 24 transverse segments located from the base (Segment 1) to the apex (Segment 24) of each ventricle (Figure 1b) 14, [19] [20] [21] [22] [23] [24] . First method measures end-diastolic mid-basal-apical length (green arrows) and divides this by basal transverse length (blue arrows) 14, [20] [21] [22] [23] . Second method measures transverse length at mid section of ventricle (red arrows) and divides this by mid-basalapical length (green arrows) 19 . (b) Method used in current study. Image shows location of 24 transverse end-diastolic segments, from base (Segment 1), to mid-point (Segment 12) and apex (Segment 24). SI for each segment was computed by dividing mid-basalapical length (green line) by transverse length of segment. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
Previous studies evaluating fetuses with growth restriction evaluated the SI using the basal transverse segment (Figure 1a ) [20] [21] [22] [23] . However, because of the parallel circulation in the fetus and the differential effect that disease states may have on the shape of the right and left ventricles, in growth-restricted fetuses it is possible that the SI is increased or decreased relative to normal at locations within the ventricular chamber other than the base (Figure 1b) . We therefore conducted the current study in small-for-gestational-age (SGA) fetuses, evaluating the SI at 24 different transverse segmental locations within each ventricle, using an offline analytical technique that has been described previously 24, 25 .
SUBJECTS AND METHODS

Population
For controls we used normal mean and SD equations for the 24-segment SI from a previous publication in which we found that the SI for each segment was not affected by gestational age or fetal biometry 24 . Our study population comprised 30 fetuses with estimated fetal weight < 10 th centile. The biparietal diameter, head circumference, abdominal circumference, femur length and estimated fetal weight were obtained and the corresponding centiles computed using equations of Hadlock et al. 26, 27 . The Doppler pulsatility indices (PI) of the middle cerebral (MCA) and umbilical (UA) arteries were measured and the cerebroplacental ratio (CPR) computed 28 . These values were classified as normal or abnormal as per recent recommendations 28 . All patients gave written informed consent to participate in the study, which was approved by the Colorado Multiple Institutional Review Board.
Ultrasound image acquisition and orientation
Two-dimensional (2D) ultrasound images of the four-chamber view were obtained using a Voluson E10 system (GE Healthcare Ultrasound, Milwaukee, WI, USA). Images were optimized to enhance the borders between the blood pool and endocardium, and 3-10-s cine clips of the four-chamber view were stored as Digital Imaging and Communications in Medicine (DICOM) files and exported to an offline cloud database (Tricefy, Inc. San Diego, CA, USA). The DICOM image frame rate was equivalent to the frame rate of acquisition at the time of the examination.
Evaluation of four-chamber view using offline speckle-tracking software
The 2D images of the four-chamber view stored in DICOM format were imported into an offline cardiac software program for analysis (2D Cardiac Performance, developed by TomTec Imaging Systems, Gmbh, Munich, Germany). As described previously 25 , end diastole and end systole were identified from an M-mode image derived from the 2D image of the four-chamber view from which a single cardiac cycle was identified. From this single cardiac cycle the tracing was adjusted in the end-systolic and end-diastolic reference image frames so that it included the length of the endocardium from the insertion of the atrioventricular valves on the lateral wall to the apex, and from the apex to the insertion of the atrioventricular valves on the interventricular septum 24, 25 . Following adjustment, the automated analysis detected the endocardial borders during systole and diastole 25 . Once the analysis for each ventricle was complete, the raw data were exported to an ASCII text file. This file was imported into an Excel ® spreadsheet (Microsoft Corp., Redmond, WA, USA) that had been programed to compute the end-diastolic SI for each of 24 transverse segments of the right or left ventricle, as described previously 24 . For descriptive purposes, Segments 1-8 were defined as the basal section, Segments 9-16 as the mid section and Segments 17-24 as the apical section of each ventricle.
The Z-score of the SI and centile of the Z-score for each of the 24 segments in the SGA fetuses were computed using the following equations: Z-score = (SI SGA fetus − mean SI from DeVore et al. 24 )/SD from DeVore et al. 24 ; and: centile = Normsdist × (Z-score), where Normsdist is an Excel spreadsheet function.
For each SGA fetus, we identified which of the 24 segments had abnormal centiles < 10 th or > 90 th and described them according to their basal, mid or apical location within the ventricular chamber.
Chi-square analysis was used to compare the number of fetuses identified with any abnormal SI using the 24-segment technique with the numbers identified using only the basal (Segment 1), only the mid (Segment 12) and both the basal and the mid segments [19] [20] [21] [22] [23] .
RESULTS
The study group of 30 SGA fetuses had mothers of mainly (87%) Caucasian ethnicity. Gestational age at the time of the study was between 25 and 37 weeks. The fetuses did not demonstrate any structural malformations. When fetuses were classified according to whether both, one (left or right) or neither ventricle had any segment with an abnormal SI, and these subgroups compared, there were no significant differences in terms of gestational age, the difference in days between the sonographic age and the clinical gestational age determined by last menstrual period, and the percentage of fetuses with an abdominal circumference < 10 th percentile (Table 1) . Similarly, when the fetuses were stratified by their estimated fetal weight (< 1 st centile; ≥ 1 st and < 5 th centile; ≥ 5 th and < 10 th centile), there were no significant differences between the groups. Figure 2 illustrates the distribution of the UA-PI, MCA-PI and CPR, according to whether both, one (left Data are given as mean ± SD or mean (range) unless stated otherwise. Abnormal SI defined as SI < 10 th or > 90 th centile 24 . There was no significant difference between groups for any comparison.
* Difference between gestational age (GA) according to first-or second-trimester ultrasound biometry and mean GA determined from measurements of biparietal diameter, head circumference, abdominal circumference (AC) and femur length at time of study. LV, left ventricle; RV, right ventricle. or right) or neither ventricle had an abnormal SI value. The UA-PI was increased in 17% (5/30) of cases: four fetuses with an abnormal SI of the left ventricle only, and one with a normal SI of both ventricles (Figure 2a) . The MCA-PI was <5 th centile in 7% of cases: one fetus in which at least one 24-segment SI was normal in both ventricles, and in one fetus in which the SI was abnormal in the right ventricle only (Figure 2b) centile in 17% of cases: two fetuses with an abnormal SI of the left ventricle only, two fetuses with an abnormal SI of the right ventricle only and one fetus with a normal SI for both ventricles (Figure 2c ). Of the 30 SGA fetuses, any abnormal Doppler study was observed in only 20%, while an abnormal SI (Table 1) was present in 77% (P < 0.001).
For illustrative purposes, Figures 3 and 4 plot the SI for each of the first 21 segments of the right and left ventricles, respectively, for individual SGA fetuses, separated according to whether neither, one or both ventricles had an abnormal SI. Figure 5 focuses further on the 12 fetuses in which there was an abnormal 24-segment SI of the right ventricle, describing the location of the abnormal segments within the ventricular chamber. Seven (58%) of the 12 had an abnormal 1 st basal segment, seven (58%) had an abnormal SI in both basal and mid sections, and four (33%) had abnormal segments in basal, mid and apical sections of the right ventricle. Compared with the 24-segment model, using only the first basal segment identified significantly fewer fetuses with an abnormal SI than were identified by the 24-segment model (58% vs 100%; P < 0.01). Similarly, using only the 12 th segment, in the mid portion of the chamber, identified significantly fewer fetuses than those identified with the 24-segment model (50% vs 100%; P < 0.005). Combining SI values of both first and 12 th segments was not significantly different from the 24-segment model, identifying 83% (10/12) of fetuses with an abnormal SI. Figure 6 focuses on the 16 fetuses with an abnormal 24-segment SI of the left ventricle. Fifteen (94%) of these fetuses had at least one SI < 10 th centile, and one (6%) fetus had a SI >90 th centile, associated with a flattened, non-globular shape of the ventricular chamber. Ten (63%) of the 16 had an abnormal first basal segment, 13 (81%) had an abnormal SI in both basal and mid sections and nine (56%) had abnormal segments in basal, mid and apical sections of the left ventricle. Compared with the 24-segment model, using only the first basal segment identified significantly fewer fetuses with an abnormal SI than those identified by the 24-segment model (63% vs 100%, P < 0.006). Similarly, using only the 12 th segment, in the mid portion of the chamber, identified significantly fewer fetuses with an abnormal SI than the 24-segment model (75% vs 100%, P < 0.03). Combining SI values of both first and 12 th segments was not significantly different from the 24-segment model, identifying 81% (13/16) of fetuses with an abnormal SI.
DISCUSSION
The change from an elliptical-to a globular-shaped ventricular chamber results in increased wall tension, which is inversely proportional to curvature 29 ; i.e. as curvature increases, wall tension decreases. In adults, the change from an elliptical to a more spherical shape has been described in a number of diseases, including myocardial infarction, coronary artery-associated disease, severe mitral regurgitation and dilated cardiomyopathy 1 . In the fetus, an abnormal SI, reflecting abnormal ventricular shape, has been associated with growth restriction 23 . In-utero changes in SI may be a precursor to postnatal changes in cardiac function 21, 23 . In the fetus, the SI is a constant, irrespective of gestational age or fetal biometry 24 . Five studies, published by the Barcelona group 14, [20] [21] [22] [23] , examined whether fetuses conceived with artificial reproductive technologies, those that were SGA (as per their definition) and those with fetal growth restriction (as per their definition) had a higher or lower mean SI than their respective controls. While these studies identified significant differences in SI, they did not establish a threshold above or below which a fetus with these conditions could be classified as having a normal or abnormal SI for a specific ventricular chamber. However, they obtained a mean value for each group as well as a standard deviation or interquartile values 14, [20] [21] [22] [23] . From these data, and using control data from each of their studies, Z-scores and centiles were computed for the mean SIs of these study fetuses ( Table 2 ). The analysis demonstrated for affected fetuses that the range of SI centiles that were significantly lower than the controls was 10.28-30.85 for the right ventricle and 11.40-30.38 for the left ventricle. In the study by Rodriguez-Lopez et al. 21 , the LV-SI centile was significantly higher than the controls (69.02). Given this wide distribution of mean SI centile values that were significantly different from their respective controls, we elected to define an abnormal SI as < 10 th centile or > 90 th centile, corresponding to a globular-shaped and to an elongated chamber, respectively.
Once the centile had been computed for each of the 24 segments of right and left ventricles, the fetuses with SGA in the current study were categorized as having a normal SI for both ventricles, an abnormal SI for only the right or only the left ventricle, or an abnormal SI for both ventricles. Using this categorization, 77% of SGA fetuses had an abnormal SI for at least one of the 24 segments of one or both ventricles. All except one fetus with an abnormal SI had values < 10 th centile, suggesting a globular-shaped chamber. The single fetus with SI > 90 th centile had a flattened left ventricle (Figure 4b) .
Examination of the ventricular sections involved when there were segments with abnormal SI demonstrated that, for the right ventricle, the basal section was altered more frequently than were the mid and apical sections. However, there appeared to be more sections of the mid and apical sections with an abnormal SI when the left ventricle was abnormal than when the right ventricle was abnormal.
Although it would be ideal to use the 24-segment approach described in this study for maximal assessment of the shape of the ventricles, this requires offline software that is not currently available to the imaging community. However, our results suggest that measuring the end-diastolic transverse width at the location of basal Segment 1 and mid Segment 12 of the ventricular chamber would increase the detection of fetuses with an abnormal SI compared with using only the first basal segment. In addition, using Segments 1 and 12 would increase the detection of fetuses with an abnormal SI to a level not significantly different from that using all 24 segments. Once an abnormal SI is identified, the examiner may consider other imaging modalities to further evaluate cardiac size, as well as systolic and diastolic dysfunction 14, [20] [21] [22] [23] 30 . Recently, it has been suggested that fetuses whose estimated weight is below the 10 th centile could be further stratified with respect to their risk for adverse outcome based on the pulsed Doppler CPR 28 . However, in the current study, not all fetuses with an abnormal SI of the right and/or left ventricle had an abnormal CPR ratio. When the clinician is confronted with a fetus with an estimated weight < 10 th centile, a decision as to whether the fetus is also at risk for adverse outcome must be made.
While computation of CPR has been recommended, fetuses with a normal ratio should undergo measurement of the SI for both ventricles 28 . If the SI is abnormal, then the clinician may consider using additional cardiovascular diagnostic tools 14, [20] [21] [22] [23] 30 .
Limitations of this study are the requirements to (1) measure the end-diastolic and end-systolic endocardial borders for each ventricular chamber using offline software 25 and (2) compute the length of the mid-basalapical and transverse segments from pixel coordinates 25 . In addition, while the sample size of 30 SGA fetuses was sufficient to illustrate the importance of our findings, a larger sample size is necessary to further elucidate the incidence of abnormal SI in this group of fetuses and to correlate these findings with neonatal outcome. It is a strength of the 24-segment technique that it can identify an abnormal shape of the ventricles in almost three-quarters of SGA fetuses, irrespective of their Doppler findings.
Based on our findings, we propose using a centile cut-off (< 10 th and > 90 th ) to categorize fetuses with an abnormal SI. Using our SI equations for the base (Segment 1) and mid section (Segment 12) of right and left ventricles (Table 3; see Excel calculator (Appendix S1) would increase the detection rate compared with using the basal segment alone 24 . These measurements can be obtained easily from an end-diastolic image of the four-chamber view (Figure 1 ). Using this technique should allow assessment of the SI in several different fetal disease states 24 .
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